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DOE Technical Representative, Jaime Gonzalez Laboratory and Raul Rebak LLNL  Lab. Partner 
Quarterly Technical Progress Report 
07/01/05 - 9/30/05 
Statement of Work 
The objective of this task is to conduct corrosion related research and predict the durability of rock-bolts and other 
underground metallic roof supports.  In this period, we have performed oxidation tests of Split Set, Swellex Mn24, 
and Alloy 22 (baseline material) specimens, potentiodynamic tests, characterization of alloys. 
 
General Statements  
• Dry Oxidation rates of Split set Rock bolts using TGA experiments, Immersion tests on Swellex - Mn24 have 
been obtained using YM environment electrolytes. SEM-EDAX characterization of reacted products is also 
shown.  
• Corrosion Rates of Alloy 22 (baseline material) using YM waters in deaerated in oxygenated conditions. 
Progress for the Period 07/01/05 - 9/30/05: 
Subtask 1: Selection of New High Strength Steels, Stainless Steels for Rock Bolts, Steel Sets and Perforated Roof 
supports. In this report we show Split set rock bolts results, Swellex Rock bolts, Alloy 22 base line 
material. 
Subtask 2: Electrochemical tests to evaluate corrosion rate and possible corrosion mechanisms 
Subtask 3. Electrochemical Impedance Spectroscopy (EIS) 
Subtask 4. Immersion Tests 
Subtask 5: .Hydrogen Permeation tests 
Subtask 7: Dry Oxidation Tests by Thermogravimetric analyses 
Subtask 8: Microstructure and Phase Characterization Studies  
 
One Journal manuscript has been sent for reviews in this quarter:  
 
“Hydrogen Diffusion and Trapping Effects in Low and Medium Carbon Steels for Subsurface Reinforcement in the 
Proposed Yucca Mountain Repository,” Joshua Lamb1, Venugopal Arjunan2, Vinay Deodeshmukh3, Dhanesh 
Chandra1*, Jaak Daemen4 and Raúl B. Rebak5, submitted to Met. Trans. 2005. 
 
1. INTRODUCTION 
 
This report encompasses the work done for this third quarter, 2005, in accordance to cooperative agreement of 
University of Nevada system for the Task 019 “Subsurface Corrosion Research on Rock Bolt System, Perforated SS 
Sheets and Steel Sets for the Yucca Mountain Repository”, the overall objective of which is to conduct corrosion 
research and predict the durability of rock-bolts and other underground metallic roof supports. We have started 
oxidation tests using Thermogravimetric Analyzer (TGA), and Potentiodynamic tests to determine the corrosion 
rates of rock bolts, other support materials including bench mark materials. 
In this quarter, we have also performed (1) dry oxidation corrosion tests (2) Immersion tests using YM waters (1x), 
(3) Photodynamic tests as well hydrogen permeation tests on base line material, Alloy 22-  Swellex rock bolts (made 
by Atlas Copco) and Split Sets rock bolt (HSLA steel made by “International Rollforms”) using Modulated 
Thermogravimetric Analysis (MTGA) method under pure O2 atmosphere.  
 
2.  ROCK BOLT MATERIALS STUDIED DURING THIS PERIOD 
 
The Spilt set rock bolts were used in as-formed condition (Figure 1a).  Samples were cut out for the TGA tests from 
the square pattern marked on the rock bolt (Figure 1a-right).   The Swellex rock bolts has an unusual folding, the 
tube closed at both extremities, with a small hole for inflation using high water pressure inside the bolt (Figures2). 
The expansion creates a combination of .radial compression (creating friction) and mechanical interlocking between 
the rock asperities and the steel tube surface. The inflation is effectively forming the tube inside the borehole and a 
high residual pressure is remaining after releasing the water, thus assuring a good friction and an ability to 
accommodate rock mass relaxation without significant anchorage loss.   The chemical compositions and details of 
the Alloy 22, Split sets, and Swellex rock bolts have been listed in the last quarterly report in Tables 2.1 and 2.2. 
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has a continuous weighing capacity of 1.0 g and a sensitivity of 0.1 µg, and a heating rate of 0.1 to 50 C/min.  This 
TGA was used to conduct the oxidation experiments. (Please see Technical Progress report No. 2 (2005)  for details 
of TGA experiments.   
 
2B. Materials 
The materials obtained from the manufacturers, such as William s Rock bolt, IRF  Split sets, and Alloy 22 
specimens, are shown Figures 2B.1-2B.3.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2B.1(a) “International Roll forms” - Split Sets Rock bolt - HSLA Steel and specimen cut from this rock bolt.  
Figure 2B.1(b)  A small TGA sample cut out for dry oxidation tests from the above sample (right).  
 
 
Figure 2B.2 (a and b)  Swellex Mn-24 rock bolts shown before expanding. 
Figure 2B.2 (c and d) Swellex Mn-24 rock bolts shown after expanding. 
Figure 2B.2 (e) Polished of the Swellex Mn-24 rock bolts shown after expanding. 
Figure 2B.3 .Base line Alloy 22 rod (QA’ed material). Specimens were cut from these rods. 
 
3. RESULTS AND DISCUSSION  
 
In this quarter we present Thermogravimetric* and oxidation studies*, as well as electrochemical studies on Alloy 
22 on the following materials: 
 
1. Rock Bolts*: 1. International Roll Forms   (IRF) - Friction type Split Sets (HSLA steel), Swellex Mn-24 (Atlas 
Copco), 
2. Baseline Materials: Alloy 22* (Ni based Superalloy) potentiodynamic studies.  
 
 
1” 
2B.1 (a) 
2B.2
Actual Swellex Rock 
bolt-Before Expanding  
Idealized Shape 
before and After 
Expanding  
2B.3
2B.2 (a) 2B.2 (c)
2B.2 (b) 2B.2 (d)
2B.2 (e)
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3.1. Task No. 7- Dry Oxidation Tests on Split Set Rock bolts 
3.1.1 Introduction  
Isothermal oxidation experiments using Thermogravimetric Analysis (TGA) were performed on rock bolt materials: 
Split Sets (HSLA) from International Rollforms and Swellex Mn24 from Atlas Copco. Thermogravimetric 
experiments were conducted in pure oxygen environment at 750oC for 4, 9, 16 and 100 hours. The details regarding 
sample preparation and experimental procedure can be found in the new Implementation Procedure (in the final 
stages of approval) for TGA experiments using TA instruments TGA Q500 [1,2]. The weight gain data from the 
isothermal experiments were analyzed to determine the kinetic parameters: rate constant (k) and the order of 
reaction (n). The analysis was performed in regions where the sample exhibited transient characteristics and as the 
oxidation approached a steady state 
 
3.1.2 Background 
The experiments performed during this period used “isothermal conditions” only.  These were conducted in TGA in 
which the temperature was modulated.  This can be considered as modulations or structured perturbations about an 
average underlying constant temperature; something like varying temperature sinusoidally with a particular 
amplitude.   The oxidation experiments on Split sets during reporting period were performed at 750oC; with 
amplitude changes of ±5oC imposed as a sinusoidal profile.  In principle, both isothermal and non-isothermal 
kinetics given by  reaction rate,(r) can be written as follows: 
( ). ( )dr k T f
dt
α α= =                                                                                                                                                     (1) 
where α is the extent of reaction, k(T) is the temperature dependent rate constant (a constant value for isothermal 
experiments).  The rate constant can also be expressed in terms of an Arrhenius expression as given in Eq. (6) (later 
in the next section).  The Arrhenius parameters are typically calculated by conducting a set of isothermal 
experiments at different temperatures as shown in Figure 5. For example, if steady state oxidation following 
parabolic kinetics the rate law is given by  
1
2.pr k t=                                                                                                                                                                      (2) 
Where, the parabolic rate constant kp and the activation energy DE can be determined as a function of temperature 
by conducting a set of isothermal experiments as described above. It is desirable to conduct nonisothermal 
experiments for the temperature range of interest and determine the activation energy as well. However, determining 
activation energy from nonisothermal experiments involves conducting three or more ramping experiments at 
different heating rates as well as finding equivalence between differential and integral rate laws. The main advantage 
of carrying out a modulated isothermal or nonisothermal experiment is that, in principle, the activation energy can 
be calculated by equation by equating the rate of reaction (given below) for peaks and valleys of modulation 
.exp . ( )a
Ed A f
dt RT
α α− =                                                                                                                                               (3) 
The procedure for determining the activation energy as well as the pre-exponential factor ‘A’ (from which the rate 
constant can be determine) for modulated TGA experiments was described in the previous quarterly report. 
 
3.1.3 Oxidation Kinetics Results Obtained from Split Set Rock Bolts 
The weight gain at 750oC as a function of time is shown in Figure 1 for four Split Set samples for 4, 9, 16, and 100 
hours. It is well known that the oxidation process of metal/alloys consists of three stages: (1) incubation stage, with 
very less surface oxidation, (2) transient stage, with rapid oxidation kinetics, (3) steady state, with rate of oxidation 
plateaus, due to limited diffusion of the cations and/or oxygen through the oxide film. Although these three stages 
are not visually apparent in Figure 1, it can be clearly observed in a plot of log y versus log t, where y is the weight 
gain per area. A plot of log y versus log t for the four different times of oxidation for the Split Set samples is shown 
in Figure 2. It was graphically determined (from the large difference in slope log logd y d t ) that at approximately 
t~0.075 hrs (4.5 min, 270 seconds), there was a sharp change in transition kinetics as the oxidation proceeded from 
incubation to transient stage.  
 
It can be seen from Table 3.1.1 that the average percentage change in weight per surface area for all the samples is 
about only about 0.2% as the sample starts to show transient kinetics. To determine the transient kinetics (transition 
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region was taken to be from t~0.075 hrs to t~9hrs), log (y-y270) versus log (t-270) was plotted as shown in Figure 3, 
where ‘y’ is the weight gain per unit surface area in kg/m2 and ‘t’ is in seconds. It is noted that although the kinetic 
equation given below shows the time in hrs (to be consistent with literature convention), all calculations were done 
in SI units (t in seconds): 
                      0.075 ( 0.075)
ny y k t= + −                                  (4) 
From Figure 3.1.3, we can determine the rate constant ‘k’ and the time exponent in rate law ‘n’ that gives the order 
of the reaction. The least squares regression coefficient is >0.96 for the all the trendline fits in figure 3.1.3 and 
validates the use of rate equation (4). 
 
The kinetic parameters ‘k’ and ‘n’ determined for the transient region have been tabulated in Table 3.1.2. Since there 
are four data sets corresponding to different times of oxidation, an uncertainty in the value for rate constant and the 
time exponent in rate law were determined. For the transient region: 
 
Rate Constant:    k = 2.187 x10-5 ± 2.45x10-5 kg.m-2.s-0.863 
Time Exponent of Rate Law: n = 0.863 ± 0.113 
 
The large uncertainty in the rate constant could result from the significant deviation in the weight gain data of the 
sample that was oxidized for 9 hrs. A range of experimental parameters could have contributed to such large 
uncertainties: sample preparation, sample inhomogeneity, spalling of the oxide layers and others.  It can be noted 
from the time exponent of rate law that the oxidation kinetics in the transient region is not parabolic but a higher 
order. However, it is well known that oxidation of steels exhibits a parabolic growth behavior once steady state is 
achieved. At this time, the longest time for which the sample was oxidized for 100 hrs and it can be seen the weight 
gain is approaching steady state. In the future, oxidation will be conducted for much longer periods of time (>250 
hrs) to conclusively establish the steady state oxidation region. The parabolic rate law is given by the following 
equation (5):  
        .5opy k t=                                 (5) 
Graphically, the parabolic behavior can be seen as a straight line in a plot of y2 (kg2.m-4) versus t (seconds). 
Although, the transient region calculations were done upto 9 hours, time beyond 22 hours was considered for steady 
state kinetics calculations for the 100-hour sample as shown in Figure 3.1.4 (approaching steady state). Between 9 to 
22 hours, the oxidation kinetics is still in transition from transient to steady state. It is not possible to characterize the 
nature of the film formed without X-ray Photoelectron Spectroscopy (XPS) studies. Further analysis of this region as 
well as other oxidation region in terms of the actual oxides formed (as well as the diffusion reactions between the 
oxides and the layer growth) will be performed from XPS depth profile in the future. The value of rate constant ‘kp’ 
is calculated to be 3.38 x 10-4 mg2.cm-4.s-1 which is comparable to values reported in literature for oxidation of pure 
Fe (~10-4 mg2.cm-4.s-1) at these temperatures [3]. 
 
The oxidation experiments carried out in this study for various time periods will be essential for understanding the 
formation and growth of various oxide layers as a progression of time. In the future, similar experiments will be 
carried out at higher temperatures (825, 900, 975oC, and others) to determine the rate constant as a function of 
temperature. By plotting log kp versus 1/T (a hypothetical plot is shown in Figure 3.1.5), the activation energy can 
be determined based on an Arrhenius type equation as given below: 
                     0 expp
Ek k
RT
−∆ =                   (6) 
where k0 is a constant (the intercept), R is the gas constant, T is the absolute temperature and ∆E is the activation 
energy. 
 
The Scanning Electron Microscope (SEM) micrographs delineating the morphology of the oxide formed and the 
corresponding EDAX compositions are shown in Figures 3.1.6-3.1.7 that indicate the presence of FeO, Fe2O3, 
and/or Fe3O4. 
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Figure 3.1.1 (a) Weight% as a function of Time at 750oC for Split Set samples in pure oxygen. (b) weight %, 
modulated temperature and average temperature for the 4-hour sample. All 4 Split Set samples were 
performed under similar conditions. 
 
 
 
 
(a) 
(b) 
wo = 265.877 mg 
wo = 255.460 mg 
wo = 246.489 mg 
wo = 264.521 mg 
wo = Initial weight of sample 
Weight gain = 2.369% (6.04 mg) 
Weight gain = 1.369%  (3.641 mg) 
Weight gain = 3.007% (7.414 mg) 
Weight gain =3.970% (10.50 mg) 
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 Figure 3.1.2.  Three different stages during oxidation kinetics for Split Set samples at 750oC. 
 
 
 
 
 
Figure 3.13.  Plot of log(y-y0.075) versus log (t-0.075) for Split Sets. 
 
Table 3.1.1 Average wt% change per unit area during the incubation stage of oxidation (t~0 hrs to t~0.075 hrs) of 
Split Set samples at 750oC 
Time Initial sample size (mg) yo (mg/cm
2) ∆y (mg/cm2) % change in weight per unit area 
4 265.877 386.9001 0.632423 0.21 
9 255.46 365.9896 0.760461 0.16 
16 246.489 370.764 0.744871 0.21 
100 264.521 386.435 0.919191 0.24 
Average    0.21 
x  - 4 hours 
 - 9 hours 
∆  - 16 hours 
  - 100 hours 
log (t/sec) 
lo
g 
(y
/ k
g/
m
2 )
 
Incubation period 
 (upto t = 0.075 hr) 
Transient stage 
 (0.075<t <16 hr) 
Approaching 
steady state 
(22< t < 100 hr)  
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Table 3.1.2. Values of rate constant (k) and order of reaction (n) for the transient region of oxidation (t~0.075 hrs to  
t~9 hrs) of Split Set samples at 750oC. 
 
 
 
 
Figure 3.1.4. The parabolic 
region of SS 100-hour sample at 
750oC. The straight line indicates 
that the Rate Law: y = kp.t1/2 is 
obeyed. 
 
 
 
 
 
 
 
 
Figure 3.1.5. Hypotheical  
Arrhenius    plot of  ln kp versus 
1/T used to calculate Activation 
Energy. 
Time 
(hours) Equation 
Index of Rate 
Law (n) log k Rate constant (k) 
4 log(y-y0.075) = 0.8672(t-0.075) - 4.8214 R2 = 0.9722 
0.8672 
 -4.8214 1.50869E-05 
9 log(y-y0.075) = 0.9861(t-0.075)- 5.4201 R2 = 0.9671 0.9861 -5.4201 3.80102E-06 
16 log(y-y0.075)= 0.7131(t-0.075)  - 4.237 R2 = 0.9826 0.7131 -4.237 5.79429E-05 
100 log(y-y0.075) = 0.8862(t-0.075)  - 4.9727 R2 = 0.9879 0.8862 -4.9727 1.06488E-05 
     
Average  0.86315  2.18699E-05 
Deviation  0.112812  2.44926E-05 
Time (t/s) 
Sq
ua
re
 o
f w
ei
gh
t g
ai
n 
pe
r u
ni
t a
re
a 
((
∆m
/A
)2
 /(
m
g/
cm
2 )
2 )
 
Steady State Portion of the 100 hours oxidation 
gravimetric experiment  
Experiments planned for future 
Present results 
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Figure 3.1.6. Split Set (HSLA alloy) sample, SEM and EDAX results for 4-hour oxidation at 750oC. The oxide layer 
spalled of the sample ( as shown in the Figure- right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.7. SEM and EDAX results for 16-hour Split Set sample at 750oC (a) magnified view of the oxide surface 
exposed to oxygen with inset of the oxide specimen (b) the oxide-metal interface of the oxide. (c) EDAX of oxide 
surface. The table of compositions is also shown. 
 
References of Oxidation Tests on Split Sets 
 
1. IPR-035, “User Calibration of Q500” (undergoing review for final approval) 
2. IPR-036, “Thermogravimetric Analyses using Q500” (undergoing review for final approval) 
3. Kofstad, P., “High Temperature Corrosion”, 1988. 
4. Chang, Y-N., “Oxidation Behaviors of Five Low-Alloy Structural Steels at 600oC”, 1994(1), 3-10. 
 
 
 
 
Element Weight% Atomic% 
O K 29.58 59.46 
Fe K 70.42 40.54 
      
Totals 100   
Element Wt.% Atomic% 
O K 25.06 53.86 
Fe K 74.94 46.14 
(a) (b) 
(c) 
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3.2 Immersion Corrosion Tests 
 
3.2.1 Introduction 
 
Laboratory Immersion corrosion tests are “Classical General Corrosion Test Method.”  The experimental procedure 
is simple compared with other corrosion testing methods. This method was standardized using ASTM G-31 
procedures.  In this method the samples are subjected to a particular environment for a long period of time, and the 
corrosion rates are observed by measuring mass loss during the period.   A typical apparatus is shown in Figure 
No.3.2.1 (ASTM G-31).  In this procedure three specimens of known dimensions are placed in the apparatus at 
different positions, one completely inside the solution (in Liquid Phase), second partially into the solution and the 
third one at the top of the solution (in Vapor Phase). The complete details of the apparatus setup are given elsewhere 
[1, 2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure No.3.21.  Schematic diagram of the typical Immersion test apparatus* 
               A = thermocouple, B = resin flask, C =specimens hung on supporting device, D = heating mantle, and 
                E = liquid interface,  
 F = opening in flask for additional apparatus that may be required, and G = reflux condenser. 
*Taken from the ASTM G -031 standards. 
 
The initial and final mass of the specimens and also during the experiment at the regular intervals will be noted. The 
difference in initial and final masses will give the mass loss during the experiment. The corrosion rate can be 
calculated using the mass loss by the Equation No.2. 
 
The average corrosion rate can be calculated by the following equation: 
 
Corrosion rate (CR) = (K x W)/(A x T x D)                                                    (1) 
 
where: 
K = a constant (can be found in ASTM G-31-72 (re approved in 2004)) 
T = time of exposure in hours to the nearest 0.01h 
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W = mass loss in grams, to nearest 1 mg (difference of initial and final masses)  
D = Density in g/cm3  
A = Area of the Specimen (cm2) 
 
 
3.2.2 Immersion Experiments on Swellex Mn-24 Rock bolt Samples 
  
Laboratory immersion corrosion tests were carried out on Swellex Mn 24 rock bolts using in 1x Yucca Mountain 
water of pH= 8.33 at the  temperatures 25oC and 45oC following the IPR-031-“IMMERSION CORROSION 
TESTING OF METALS” under de-aerated nitrogen gas atmosphere, maintaining  continuous flow rate of 
100ml/min through out the experiment.  The dimensions of the test coupons were 40mmx17.5mmx3mm for both 
temperatures 25oC and 45oC tests.  Immersion tests were performed for 365 hours at 45oC and 353 hours at 
25oCduring this period.  A condenser was used for the 45oC test by supplying the constant flow of cold water to 
reduce the vaporization losses also the level of solution is constantly maintained during the experiments. 
 
Figure 3.2.2 (a). Experimental set up at 
UNR to conduct long term Immersion 
tests.  YM 1x waters were placed in 
three different test apparatus.  The 
room temperature tests were performed 
in the Cell marked A (left), and the 
45oC tests were performed in the two 
cells in a heated water baths (B and C).   
 
Figure 3.2.2(b). The three samples 
were suspended in the solution in all 
the three apparatuses.  
 
 
 
 
 
 
 
 
Two sets of high temperature (45oC) experiments performed to check repeatability.  Test specimens were marked 
with the identification numbers and suspended in different positions in the test cells using the glass made hangers 
according to IPR-031.  Fully immersed, partially immersed (half in the solution and half in the humid air portion) 
and non-immersed (specimen above the solution level, in the upper humid air portion).  Masses of the specimens 
were recorded at regular intervals during the experiment, until the end of the experiment.   The specimen 
identification marks are shown in Table No.1 for all three tests.  
 
Table No.1: Specimen Identification for the tests at 25oC and 45oC. 
                         Specimen Designations 
45oC 
 
Specimen Environment 
      25oC 
 First set Second set 
Fully Immersed – Liquid Phase          A         1 4 
Partially Immersed – Vapor and Liquid            B         2 5 
Non-Immersed – Vapor Phase          C         3 6 
 
The area for all the specimens is 1.214 cm2, Density = ρ = 7.858 gm/cm3, K= 87600 (for corrosion rate in mm/year) 
 
A B C 
Fig.2 
 13 
 
Results & Discussion: 
 
 The estimation of time of exposure of samples for a particular test was obtained by using the equation:  
  
CR
HoursTimeExposure 2000)( =                                                          (3.2.1) 
Where,  CR= Corrosion Rate (mpy), and  mpy = mils/year 
 
It is observed from the Table No.2 that the time of exposure is greater than the calculated time for the experiments at 
250C as well as at 45oC, which satisfies the condition for time of exposure for all the experiments. Corrosion rates 
are calculated by using the Equation No.1 for all the specimens in all the experiments. 
 
Table 3.2.2 Calculated and test time in hours for experiments at 25oC and 45oC in 1X YM water in De-aerated 
(Nitrogenated) 
Test Temperature (45oC) Test Temperature (25oC) 
Test Specimen 
# 
Calculated Time 
(Hours) 
Test  Time 
(Hours) 
Test Specimen 
# 
Calculated Time 
(Hours) 
Test  Time 
(Hours) 
  1 30.399 365   A 229.191 353 
  2 51.771 365   B 229.191 353 
  3 17.084 365   C 95.318 353 
  4 45.633 365       
  5 54.833 365       
 6 25.755 365       
 
For the test at 25oC there is a systematic loss in mass for all three specimens. The result of mass variation with 
respect to time is tabulated in the Table No.3.2.3. 
 
Table No.3.2.3.  Masses of the Swellex Mn24 specimens recorded at different intervals at 25oC in Nitrogenated  
 
                                  Masses of specimens  tested at 25oC after a certain period of time 
Actual Weights (grams) 
 Normalized Mass (grams) 
 
Time (Hours) 
A 
Fully immersed 
 
B 
Half immersed 
C 
Non-Immersed
A  
Fully immersed
B 
Half immersed 
C 
Non-Immersed
0 16.6279 gm 16.6388 gm 15.6689 gm 1 1 1 
222 16.6196 gm 16.6282 gm 15.6601 gm 0.99950 0.99936 0.99944 
353 16.619 gm 16.611 gm 15.6475 gm 0.99946 0.99833 0.99863 
       
 
 
 
Table No.3.2.4. Normalized mass and corrosion rates of three specimens at 25oC    
Sample 
 
Corrosion Rates (CR) 
 
 mm/yr. µm/yr mils/yr. 
A 0.22148 221.48129 8.72636 
B 0.69182 691.81795 27.25763 
C 0.53255 532.55051 20.98249 
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Figure 3.2.3. Mass loss profile of Swellex Mn24 rock bolt in 1x YM water at 25oC under nitrogen atmosphere. 
 
The mass losses for all the three specimens in Table 3 are normalized and plotted in the Figure 3.2.3. From  Figure 
3.2.3, it can be observed that the Half-immersed specimen loses more mass than other two.  This behavior was 
previously observed for medium carbon rock bolt steel in 1x YM Water chemistry [3]. Since, the specimen B is half 
immersed in the solution there are concentration differences acting on the specimen. Due to this preferential anodes 
and cathodes created on the metal will contribute to the higher corrosion rates [4].  The next highest mass loss is 
observed in non-immersed and then the fully immersed specimen. In terms of corrosion rates the Specimen B had 
the highest corrosion rate of 691.81 microns per year. The CR for specimen C was measured as 532.55 microns per 
year and for specimen A 221.48 microns per year. Corrosion rates and Normalized values of all the three specimens 
are shown in Table No.3.2.4.  
 
Two tests were conducted at 45oC to check the reproducibility of the results.  The results for first and second sets are 
shown in Table No.5.  It is observed the there is systematic mass loss as the time increases and hence the increase in 
CR. Mass loss trend observed in both the sets with respect to time are also shown in the Table No.3.2.5. 
 
In the first set of experiments, the mass loss is higher than for the half immersed; opposite results to the experiments 
performed at 25oC.  The next highest is the fully-immersed and then the next highest is the half-immersed. This type 
of trend is observed in second set of experiment, which satisfies the repeatability of experiments and the accuracy of 
the results are with in the limits. The normalized plots for the first and second sets are shown in the Figure 3.2.4 and 
Figure 3.2.5 respectively.  Normalized mass for all six samples are given in the Table No.3.2.6.  
 
Corrosion rates for the first set and the second set are almost close in big scale and the trend in the both sets are 
same. Corrosion rates for both sets are shown in the Table No.7.The variation of corrosion rates for two data sets are 
shown in Figure No.6 and Figure No.7 respectively. From the two figures we can see that the corrosion rate 
increased in the initial stages of test  and as the time increases the steepness of the corrosion rate is looks to be going 
down  and  then after certain time we can anticipate that the variation in corrosion rate will be a constant. 
 
Imersion Corrosion test of Swellex Mn24  in 1X YM water @25oC-Nitrogenated
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Table No. 3.2.5. Mass loss of Swellex Mn 24 specimens in grams with respect to time in repeatable tests at 45oC in 
1x YM water under nitrogen atmosphere. 
 
Table No. 3.2.6. Normalized Mass Loss of Swellex Mn 24 specimens with time in repeatable tests at 45oC in 1x YM 
Water under Nitrogen atmosphere. 
 
Normalized mass(gm) 
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 Time 
 (Hours) 1 1 1 1 1 1 
0 0.99953 0.99981 0.99856 0.99929 0.99943 0.99908 
41 0.99734 0.99922 0.99575 0.99801 0.99916 0.99844 
88 0.99665 0.99883 0.99536 0.99771 0.99887 0.99681 
164 0.99642 0.99858 0.99472 0.99746 0.99869 0.99635 
224 0.99611 0.99806 0.99376 0.99730 0.99852 0.99595 
277 0.99593 0.99770 0.99305 0.99728 0.99785 0.99541 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure3.2.4. Mass loss profile of Swellex Mn24 rock bolt at 45oC in 1x YM water under Nitrogen atmosphere (first 
set). 
Actual Mass (grams) 
 Time 
(Hours) No. 1 No.2 No.3 No. 4 No.5 No. 6 
0 16.4891 17.1264 17.188 16.4313 17.3066 17.2478 
41 16.4814 17.1232 17.1633 16.4196 17.2968 17.232 
88 16.4452 17.1131 17.1149 16.3986 17.292 17.2209 
164 16.4338 17.1063 17.1083 16.3936 17.287 17.1927 
224 16.4301 17.1021 17.0973 16.3895 17.284 17.1849 
277 16.425 17.0931 17.0807 16.3869 17.281 17.1779 
365 16.422 17.087 17.0686 16.3866 17.2694 17.1686 
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Figure 3.2.5. Mass loss profile of Swellex Mn24 rock bolt at 45oC in 1X YM water under Nitrogen atmosphere 
(second set). 
 
 
Table No.3.2.7. Two sets Corrosion rates of Swellex Mn24 at 45oC in 1X YM water under Nitrogen.  
 
 
Time 
 
 
Corrosion Rate(CR) (mpy) 
 
Hours No.1 No.2 No.3 No.4 No.5 No.6 
0 0.000 0.000 0.000 0.000 0.000 0.000 
41 191.619 79.634 614.673 291.161 243.878 393.191 
88 1092.475 330.978 1819.133 813.757 363.329 669.421 
164 1376.170 500.199 1983.377 938.185 487.757 1371.193 
224 1468.247 604.719 2257.118 1040.215 562.413 1565.300 
277 1595.163 828.688 2670.218 1104.918 637.070 1739.499 
365 1669.820 980.490 2971.333 1112.384 925.742 1970.935 
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Figure 3.2.6. Corrosion rate profile of Swellex Mn24 rock bolt in microns per year at 45oC in 1X YM water  
               under Nitrogen atmosphere (first set). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.7. Corrosion rate profile of Swellex Mn24 rock bolt in microns per year at 45oC in 1x YM water under 
Nitrogen atmosphere (second set). 
 
Summary of Immersion Tests 
 
Classical Immersion corrosion tests were performed for Swellex Mn24 rock bolt at 25oC and 45oC under nitrogen 
atmosphere in 1X YM water environment according to IPR-031. For 25oC test, the Half-immersed specimen has 
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high corrosion rate and for the repeatable 45oC test it is observed that the Non-immersed specimen has high 
corrosion rate. The corrosion rates at 45oC are higher than at 25oC. 
 
References for Immersion Tests 
 
1. ASTM standard G31-72 (Reapproved 2004) 
2. IPR-031.Rev.0 “Immersion Corrosion Testing of Metals. 
3. A.Yilmaz, “Degradation and Failure susceptibility of carbon steels in simulated yucca mountain nuclear 
repository environments”, Dissertation,UNR-2003. 
4. F.Mansfeld and S.Tsai: Corrosion Science,1979,vol.20,pp.853-857. 
 
3.3. Corrosion Study of Alloy 22 in Simulated YM water 
 
3.3.1 Introduction 
The main objective of the current study is to evaluate the corrosion behavior of base material Alloy 22 in simulated 
YM water at different conditions. The variables of the current study are temperature and aerated or de-aerated 
condition. The temperature range selected for this study from room temperature to 85°C. Since Alloy 22 is a highly 
corrosion resistant material the corrosion rate is low for both aerated and de-aerated condition. The passive film 
formed on Alloy 22 was characterized by using SEM and EDX. 
 
3.3.2 Experimental Procedure 
Cell Design and Experimental Set-Up for Electrochemical Tests 
A one-liter flask of Pyrex brand glass, shown with the set-up of electrochemical experiments in Figure 3.3.1, was 
used as the test cell of both polarization resistance and electrochemical impedance measurements. A disk shape lid 
constructed out of 2 cm thick Teflon to seal the cell by means of o-ring, was held in place by compression clamps. A 
tapered Teflon plug with two holes was machined for the middle opening of the lid, in which cylindrical receptacles 
for specimen and a Luggin probe were placed as shown in the figure. Several other receptacles on the lid sealed the 
entire cell elements via threaded o-ring fittings. The tapered Teflon stopper constructed for the larger central hole of 
the lid held both the specimen and Luggin probe in close proximity, as shown in the figure. The distance between 
the probe tip and the specimen surface was maintained constant using a small Teflon block spacer in between them. 
It did not block the interface since only the edge of the epoxy mold leaned against the spacer set on the probe. The 
probe and specimen holder set-up was designed to provide a desired distance of 1 mm in all cases, to eliminate any 
probe distance effect on the entire potentiodynamic polarization or impedance experiments. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Preparation: Cylindrically shaped working disk-electrodes (test specimens) were mounted in epoxy with 
their ~1 cm2 bottom surface area and electrical connection wire exposed out of it (Figure 2). A large (~10 cm2) 
platinum sheet sealed to a glass capillary was used as a counter electrode to provide good conductivity in the 
Figure 3.3.1 (Left) Photo of the 
Potentiodynamic experimental  set up.  
Figure 3.3.2 Details of the set up. (right)  
 19 
 
electrolyte. The Luggin probe tip and Ag/AgCl reference electrode were connected via the test solution (YM water) 
in the probe, without using a salt bridge. Continuously purged gas (nitrogen or oxygen) in the sealed cell maintained 
constant pressure above the solution, and formed a tall column (8-10cm) of Solution Bridge inside the probe, which 
connected the Luggin tip and the reference electrode. Therefore, the reference electrode was able to be placed well 
above the solution level, outside the cell. Thus, the set-up avoided excessive heat on the reference electrode, by 
means of the temperature gradient created along the solution bridge in the probe. 
 
Sample preparation for SEM and EDX study: For the characterization of the film four different potential was chosen 
in the anodic region of the potentiodynamic polarization curve in deaerated simulated YM water. The potential was 
chosen based on the potentiodynamic curve that was run at room temperature. The potentials are marked on the 
curve. After choosing the potential a potentiostatic scan was run for 1 hour on the sample to get a thin film to 
analyze it by SEM and EDX. After that the samples were prepared for SEM and EDX analysis by washing it with 
deionized water following by drying. 
 
3.3.3 Results of Corrosion Behavior of Alloy in Aerated Water 
Preliminary results of Alloy 22 in aerated water have been studied by using EIS and potentiodynamic scan. All the 
experiment were conducted in 100x YM water. The actual composition of the water is presented in the previous 
report. The potentiodynamic results are presented in figure 3.  The complementary EIS scan is also shown in figure 
4. The experiment was conducted at different temperature. From figure 3 we can see that the corrosion potential is 
changed only 250mV as the temperature changed from room to 85°C.  At room temperature the Ecorr is about -143 
mV. As the temperature increase the Ecorr decreases slightly. At 35°C the corrosion potential is -190mV. As the 
temperature increases from 35°C to 45°C, the Ecorr increases from -190mV to -111 mV. At 85°C the Ecorr is again 
decreases to -343mV.  So this suggests a nonlinear relationship of Ecorr as a function of temperature. The Ecorr is 
lower than the reported Ecorr by K. Evans et al. [1] in calcium chloride and calcium nitrate solution. These figures 
also show that there is a distinct re-passive region at room temperature and 35°C. At higher temperature the re-
passive region was not observed.  The potentials at which the re-passivation occurs are different for different 
temperature. The re-passivation potential for room temperature is 677m, where as the potential is 570 mV at 35°C. 
The corrosion rate was calculated by using polarization method (ASTM G59) [2]. The Tafel constants βc and βa  
were assumed to be constant and the value is 0.12V/decade.  Figure 5 shows the corrosion rate of alloy 22 as a 
function of temperature. At all the temperatures the calculated corrosion rate is below 2µm/year in aerated condition. 
This reported corrosion rate is lower compared to the deaerated condition, because the oxygen helps to form the 
passive layer of oxide on the alloy22. 
 
3.3.4 Corrosion behavior in De-aerated water 
Figure 6 shows the polarization curve for alloy 22 in de-aerated 100x YM water at different temperature. The right 
plot shows the complementary electrochemical impedance scan for the alloy at different temperature. At all 
temperature alloy 22 shows a passive region as we continue going to the anodic region. The corrosion potential is 
about -700mV to -800mV for all temperature. This corrosion potential is really low compared to the other people 
reported in different electrolyte. Further investigation is required to come to a conclusion about the Ecorr. 
Figure 3.3.3.  Potentiodynamic scan for Alloy 22 at different temperature in aerated condition. (Figure on the 
right shows details of some of the scans.). 
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3.3.5 SEM & EDAX study of passive film formed on Alloy 22: 
SEM and EDAX study was done under room temperature at different applied potential. The results are presented 
from figure 8 and figure 9. All potentials are chosen in the anodic region where the passive films form. The results 
from the EDAX analysis show higher oxygen content on the film. This observation was true for three samples 
except at +400 mV. The higher oxygen can be from the salt that we used to prepare the electrolyte or from the oxide 
film that formed. Further study is needed for a better idea of the passive film. 
 
 
Figure 3.3.5  Polarization curve for Alloy 22 in simulated YM water under deaerated condition and corresponding 
EIS plots (right). 
 
Figure 3.3.4.(a)  Polarization curve and EIS for Alloy 22 in simulated YM water under aerated condition. 
Figure 3.3.4.(b)  Corrosion rates as a function of Temperature in YM waters for Alloy under oxygenated conditions.  
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Figure 3.3.6 SEM image and EDAX results of the sample at different locations (a) -200mV (left)  
                (b) +400mV (right) 
Element Weight% Atomic% 
        
C K 8.34 24.49 
O K 13.71 30.22 
Cr K 16.43 11.14 
Mn K 0.45 0.29 
Fe K 3.16 1.99 
Co K 0.72 0.43 
Ni K 46.36 27.85 
Mo L 8.63 3.17 
W M 2.20 0.42 
   
Totals 100.00  
 
 
Element Weight% Atomic%  
         
O K 1.19 4.38  
Cr K 21.41 24.14  
Fe K 4.13 4.34  
Co K 1.31 1.30  
Ni K 58.33 58.27  
Mo L 11.04 6.75  
W M 2.59 0.83  
    
Totals 100.00   
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Figure 3.3.7 SEM image and EDAX results of the sample at different locations (a) +600mV (left) (b) +800mV 
(right). 
 
References for Polarization Studies of Alloy 22 
1. ASTM G59, volume 03.02.2003. The American Society for Testing and Materials: West 
Conshohocken, PA. 
2. Kenneth J. Evans, S. Daniel Day, Gabriel O. Lievbare, Michael T. Whalen, Kenneth J. King, Gary A. 
Hust, Lana L. Wong, John C. Estill  and Raul B. Rebak, PVP-Vol. 467, pp 55-62, Transportation, 
Storage and Disposal of Radioactive Materials-2003.  
 
3.4. Task No. 5 -- Hydrogen Permeation Experiments in Alloy 22 
  
3.4.1. Background 
 
 
Element Weight% Atomic%  
         
C K 5.94 17.05  
O K 15.60 33.63  
Mg K 2.93 4.16  
Si K 3.63 4.46  
Cr K 15.83 10.51  
Fe K 2.97 1.84  
Co K 0.93 0.54  
Ni K 41.73 24.52  
Mo L 7.75 2.79  
W M 2.69 0.51  
 
Element Weight% Atomic%  
         
C K 2.66 8.12  
O K 20.04 46.01  
Cr K 17.15 12.12  
Fe K 5.87 3.86  
Ni K 41.23 25.80  
Mo L 8.06 3.09  
W M 4.99 1.00  
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A Devanathan and Stachurski’s electrochemical permeation method was used to determine these properties.  The 
above method has been widely used to calculate the diffusivity and also to classify the role of traps and their effect 
on hydrogen diffusivity.  In general, trapping sites may be reversible or irreversible depending on their binding 
energies of the atoms.  The contribution of traps on the diffusivity can be obtained by successive permeation 
transients on the same sample. Usually, during the first permeation transient, all the reversible and irreversible traps 
are filled and during the second permeation transient, irreversible traps are ineffective and only reversible and lattice 
sites are active and affect the diffusivity.  Hydrogen permeation studies are performed on flat and thin specimens by 
electrochemical charging with hydrogen [1-3].   
The hydrogen permeation rate (J∞ L) (mol H cm-1 s-1), effective diffusivity (Deff) (cm2 s-1) and solubility (Co) (ppm) 
were calculated using the following equations1: 
 
 Analysis of Hydrogen Permeation Rate (J∞ L) (mol H cm-1 s-1) Please see the Last quarterly report for details                   
The effective Diffusion Coefficient can be calculated based on the elapsed time (tlag) at J(t)/Jss = 0.63,  
                                                                            
L
eff t
LD
6
2
=                                                                  (3.4.1)                          
Where tL is the lag time at J(t)/Jss = 0.63 and L is the thickness of the specimen (cm), Where, Iss = steady state 
atomic hydrogen permeation current (µA),  
A = Exposed area of specimen in the oxidation cell (cm2), 
  
The hydrogen permeation on Alloy C22 was explored using the Devanathan-Stachurski method. The specimen and 
electrochemical cell employed are shown below in. A specimen of approximately 150 µm was prepared by polishing 
both sides to 600 grit SiC paper. The specimen was then exposed on each side to 1.33 cm2 0.1 N NaOH electrolyte. 
Nitrogen gas was purged throughout both cells during testing for deaeration. One surface of the specimen was then 
anodically polarized by applying a potential of 280 mV vs. Ag/AgCl. When a stable minimum current was reached 
on the anodic side hydrogen was charged into the specimen by cathodically polarizing the opposite side of the 
specimen. This was done by applying a current of -1 mA/cm2. 
 
The cell was allowed to run while observing for increases in the anodic cell current that would indicate hydrogen 
permeation through the specimen. The hydrogen charging was allowed to run for 5 x 105 seconds. The current from 
the anodically polarized surface was monitored and is shown in Figure 2 (left). The voltage applied during hydrogen 
charging was also monitored and is shown in figure 2 (right).  The data in Figure 2 (left) shows that hydrogen did 
not begin diffusing through the material after 5 x 105 seconds of hydrogen charging. This may be due to hydrogen 
traps that were unable to completely fill within the time allotted and diffusion could not begin. It may also be 
possible that the steady state flux is very low and does not create a current that the equipment is able to resolve. 
(Note that the background current was on the order of 10-8 amps) 
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Figure 3.4.1 (Left) Current resulting from anodically polarizing Side A of specimen with 280 mV vs. Ag/Agcl. (Right) 
Potential (V vs. V Ag/AgCl) created by cathodically polarizing Side B of specimen with -1 mA/cm2. 
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The steady state flux can be determined by using the following equation: 
nF
Ip
J ssss =  
Where Jss is the steady state flux, Ipss is the steady state permeation current, n is the number of electrons transferred 
(1 for hydrogen) and F is Faraday’s constant (96500 C/mol). Using this equation indicates that the steady state flux 
of hydrogen through the tested material is less than 1 x 10-13 mol/cm2 s with the solution used under ambient 
conditions. 
 
Time line 
 
For Task ORD-FY04-019 we have started the oxidation tests using TGA, EIS, Immersion tests, Potentiodynamic 
tests, and scanning electron microscopy as per timeline.  The experimental apparatus for the immersion experiments 
has being set-up recently according to the IP. There was a delay due to the ongoing review of the Implementation 
Procedure. The experiments are in progress.   
 
 
